Ubiquitin-conjugating enzyme UBE2D3 is an important member of the ubiquitin-proteasome pathways. Our previous study showed that the expression of UBE2D3 was negatively related to human telomerase reverse transcriptase (hTERT) and radioresistance in human breast cancer cells. However, in esophageal carcinoma, the exact effects and mechanisms of UBE2D3 in radioresistance remain unclear. This study shows that UBE2D3 knockdown was associated with significant increases in radioresistance to X-rays, telomerase activity, telomere length, and telomere shelterins. UBE2D3 knockdown-mediated radioresistance was related to a decrease in the spontaneous and ionizing radiation-induced apoptosis, resulting from a decrease in the Bax/Bcl-2 ratio. Furthermore, UBE2D3 downregulation was associated with increased G1-S phase transition and prolonged IR-induced G2/M arrest through over expression of cyclin D1, decrease of CDC25A expression and promotion of the ATM/ATR-Chk1-CDC25C pathway. Moreover, UBE2D3 downregulation reduced spontaneous DNA double-strand breaks and accelerated the repair of DNA damage induced by IR. The current data thus demonstrate that UBE2D3 downregulation enhances radioresistance by increased telomere homeostasis and prolonged IR-induced G2/M arrest, but decreases the IR-induced apoptosis and the number of DNA damage foci. These results suggest that UBE2D3 might be a potential molecular target to improve radiotherapy effects in esophageal carcinoma.
Introduction
Radiotherapy is one of the most common treatments for esophageal carcinoma. However, the differences in the intrinsic radioresistance of cancer cells of esophageal carcinoma patients imply that increasing the dose of radiotherapy does not necessarily improve 5-year survival or disease-free survival [1] . Thus, it is important to identify new target proteins to enhance the effectiveness of radiotherapy.
Radioresistance can be regulated by a series of pathways, including DNA damage repair [2] , telomere maintenance [3] , cell cycle progression [4] ,
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International Publisher cell apoptosis [5] , and cell proliferation [6] . Some reports have shown that the ubiquitin/proteasome system (UPS) participates in the regulation of these pathways [7] . Thus, UPS family members might be potential targets for enhancing the sensitivity of radiotherapy. Our previous study showed that the ubiquitin conjugating enzyme UBE2D3 was negatively related to radioresistance in breast cancer cells [8] . However, the exact effects and mechanisms of UBE2D3 for radioresistance in esophageal carcinoma remain unclear.
UBE2D3, a member of the UbcH5 family, has attracted increasing attention from biologists due to its roles as the initial ubiquitinating enzyme of key regulatory molecules such as cyclin D1 [9] , IkB [10] , TP53, and MDM2 [11] . Okamoto et al. detected UBE2D3 mRNA expression in 25 tumor cell lines and 24 normal cell lines and showed that UBE2D3 mRNA expression was significantly lower in tumor cell lines than in normal cell lines [12] . Mittal et al. demonstrated that low expression of UBE2D3 is an important index to evaluate the degree of malignant invasion in breast cancer, on account of its role in suppressing cell cycle progression by downregulating cyclinD1 [9] . Moreover, UBE2D3 increases the function of BRCA1, which not only acts as a tumor suppressor gene but also takes part in DNA damage repair by ubiquitin in a variety of downstream molecules [13] . The deubiquitinating enzyme, Otub1, also plays a crucial role in the suppression of the DNA damage repair signal via inhibition of BRCA1 and H2AX ubiquitination mediated by suppression of the ubiquitin conjugating enzyme E2 family member, UBE2N [14] . UBE2D3 suppresses UBE2N via monoubiquitination of Otub1 at lysine 59 and 109 residues [14] [15] [16] . Thus, UBE2D3 may affect cancer progression, cell cycle, cell apoptosis, and DNA damage repair. For instance, our team has found that UBE2D3 is negatively related to human telomerase reverse transcriptase (hTERT) [8] and low expression of UBE2D3 is associated with a relatively poor prognosis in patients with esophageal carcinoma [17] . Therefore, our study was designed to investigate the mechanisms by which UBE2D3 regulates radioresistance in esophageal carcinoma, as well as to elucidate the relationship between UBE2D3 and radioresistance in esophageal carcinoma cells and to explore the function of UBE2D3 in five biological processes: telomere homeostasis, cell proliferation, cell cycle, cell apoptosis, and DNA damage repair.
Methods

Cell lines, transfection, plasmids and reagents.
The human esophageal carcinoma cells Eca-109 were acquired from Taihe Hospital, Shiyan, Hubei, China. The cells were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Thermo fisher, USA), supplemented with 10% fetal bovine serum and incubated under 5% CO 2 at 37℃.
ShRNA duplexes designed against UBE2D3 and the negative control were described previously [8] . The plasmids containing these sequences were named pU6/GFP/Neo-shRNA-UBE2D3 and pU6/GFP/ Neo-shRNA, respectively, bought from Shanghai GenePharma (Shanghai, China), and collected by our team.
Cells were seeded in a 6-well plate culture flasks with 3*10 5 per well, after 24 h, we used turbofect (Thermo fisher, USA) as a transfection reagent according to the manufacturer's instructions. Twenty hours after transfection, UBE2D3 low-expressing cells and its negative control cells were selected with 600ug/ml G418 (Biosharp, China) for 5 weeks. The stable transfection cell lines were named Eca-109-NC and Eca-109-sh, respectively.
Clonogenic assay
We exchanged the cell medium at 60-70% confluence, 24 h prior to clonogenic assay. Next day, Eca-109-NC and Eca-109-sh cells were plated into seven 6-well plates, respectively, with different numbers of 100, 100, 200, 400, 800, 1,000, 2,000 per one plate. After 24 h, each group was irradiated with graded doses of 0, 1, 2, 4, 6, 8, 10 Gy, respectively, by an X-ray generator (Primus High-Energy Siemens) at a dose rate of 2 Gy/min. After 14 days of incubation, the colonies were fixed and stained with crystal violet (1% in absolute alcohol). Those colonies containing more than 50 cells were scored as viable colonies. These data were fit into the sing-hit multi-target model, and survival curves for each group were demonstrated using GraphPad prism 5.0 software. Radiobiological parameters, D0, Dq and SF2, were calculated according to the survival curves. Sensitization enhancement ratio (SER) was calculated as the ratio of D0(Eca-109-NC) to D0 (Eca-109-sh) .
RNA Extraction and Quantitative Real-Time PCR
Total RNA was isolated from cell lines using TRIzol reagent (Biosharp, China) according to the manufacturer's protocol. cDNA was synthesized from no more than 5 μg of total RNA by the RecertAidTM First-Strand cDNA Synthesis Kit (Fermentas, Canada) at 42℃ for 10 min, followed by 75℃ for 2 min. Real-time PCR was performed with SYBR Premix Ex Taq TM (Takara, Japan) in a 25μL reaction volume (12.5μL SYBR Premix Ex Taq, 200mM forward and reverse primers, 10μL H2O and 1.5μL cDNA template) on a MJ Opticon Monitor Chromo4TM instrument (Bio-Rad, CA). The human GAPDH gene was performed as an internal control. The following protocol was used for GAPDH and UBE2D3: preincubated at 95℃ for 30 sec followed by 40 cycles of 95℃ for 5 sec, 60℃ for 15 sec and 72℃ for 30 sec. Sangon Biotech (Shanghai, China) helped us design and synthesize the primers for UBE2D3 and GAPDH as follows: UBE2D3 (forward primer 5'-CCGGACCTTTGAGCATACAC-3', reverse primer 5'-GCCTTGATATGGGCTGTCAT-3'); GAPDH (forward primer 5'-TGGAAGGACTCATGACCACA-3', reverse primer 5'-TTCAGCTCAGGGATGACCTT-3'). Data were analyzed by the 2-DDCt method.
Western Blot Analysis
Cultured cells were rinsed twice with pre-cold phosphate-buffered saline (PBS) and mixed with 250μL lysis buffer (Beyotime biotechnology, China) and 1mM PMSF (Biosharp, China). After 10 min on the ice, a scraper was used to help transfer the cell lysate into an Eppendorf tube. The cells were ultrasonicated 3 times for 30 sec on the ice and then centrifuged at 12,000 rpm for 10 min, and the supernatant was collected into another Eppendorf tube. A BCA protein assay kit (Beyotime biotechnology, China) was performed to calculate the protein concentration, and then the samples were incubated in boiled water for more than 5 min. These samples were separated by 10 % SDS-PAGE and transferred to PVDF membranes. After blocking with 5% skim milk in TBST, the membranes were incubated with primary antibodies, against human UBE2D3 (1:1000 dilution; abcam ab176568), β-actin Genome DNA extraction and real-time PCR to determine relative telomere length Genomic DNA was extracted from Eca-109-NC and Eca-109-sh cell lines by standard procedures using the E.Z.N.A. Tissure DNA Kit (Omega Bio, China) and stored at -20˚C. Real-time PCR assay was performed to measure the average telomere length ratio as described by Cawthon [18] . The reaction volume was described as above using the Takara real-time PCR kit (Takara Bio, Japan). The 36B4 (single copy gene) was used as an internal control, The cycling conditions were performed as follows: preincubation for 5 sec at 95˚C, followed by 35 cycles at 95˚C for 15 sec and 54˚C for 2 min. The primers of telomere primer and single copy gene primer were synthesized by Sangon Biotech (Shanghai, China) as follows: tel1, 5'-GGTTTTTGAGGGTGAGGGTGAGG GTGAGGGTGAGGGT-3'; tel2, 5'-TCCCGACTATCC CTATCCCTATCCCTATCCCTATCCCTA-3'; 36B4u, 5'-CAGCAAGTGGGAAGGTGTAATCC-3'; 36B4d, 5'-CCCATTCTATCATCAACGGGTACAA-3'. The instrument and the method for data analysis are described as above.
Telomerase activity
In order to harvest 2*10 5 cells in Eca-109-NC and Eca-109-sh cell lines respectively, Invitrogen countess were used to count cell concentration in these two cell lines. The samples were performed for detecting the telomerase activity by using the TeloTAGGG Telomerase PCR ELISA Kit (Roche, Switzerland) as recommended by the manufacturer. Model 550 Microplate Reader (Bio-Rad, USA) was used to measure the absorbance of each reaction products at the wavelength of 450/690 nm.
Analysis of cell cycle and apoptosis by flow cytometry
The cell cycle was assessed in cells without irradiation and cells exposed to 6 Gy of ionizing radiation, and then cells were incubated for the indicated times. Cells were filed in 70% ethanol overnight, and then treated with RNase for 20 min before addition of 5 mg/ml propidium iodide, and analyzed by flow cytometry (Beckman Coulter, USA). Experiments were performed in triplicate. Apoptosis was performed using an Annexin V-PE Apoptosis Analysis kit (Sungene Bio, China) according to the manufacturer's instructions. Fluorescence was measured using a flow cytometer and the data were analyzed with CellQuest software. All samples were assayed in triplicate.
Cell proliferation assay
Cells diluted with RPMI-1640 medium containing 10% fetal bovine serum, were seeded at 10 3 cells/well in 96-well plates and cultured in 100μL culture medium. Six identical wells were used for each sample. After 24 h, 10μL CCK-8 was added to each well, and the plates were incubated at 37˚C for 2 h. The absorbance of each well was then read at 450 nm using a 96-well plate reader. Each experiment was performed at least three times in triplicate wells.
Immunofluorescence assay by confocal laser scanning microscopy
The residual DNA double-strand breaks (DSBs) were examined by immunoflorescence detection of γH2AX foci. Cells grown on coverslips (Fisher Scientific, USA) were divided into 4 groups: Eca-109-NC, Eca-109-sh, IR+Eca-109-NC, IR+Eca-109-sh. Twenty four hours later, cell groups without radiation exposure were fixed in 4% formaldehyde for 20 min, washed with PBS for 5 min twice, treated with 0.2% Triton X-100 for 20 min, blocked in 5% (w/v) BSA for 2 h and incubated with antibody to γH2AX (ser139, dilution 1:400; Millipore Corp., USA) overnight at 4C. After washing with PBS for 5 min for three times, the secondary FITC-conjugated antibody (Millipore Corp., USA) was added for 1h at 37C, and the slides were washed with PBS and stained with DAPI. At last, images were recorded by a confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany). Each experiment was carried out in triplicate.
Statistical analysis
All data are expressed as means ± SD. Student's t-test was used to determine statistical significance at p<0.05. SPSS 19.0 and Graphpad Prism 5 software were used for the statistical analyses.
Results
Efficient knockdown of UBE2D3 in Eca-109 cells
Real-time PCR and western blots were used to analyze UBE2D3 expression. A comparison of Eca-109-NC and Eca-109-sh cells showed that the expression of UBE2D3 was reduced in Eca-109-sh cells both at the mRNA ( Figure 1A ) and protein levels (Figure 1B, 1C) (P < 0.05). However, no apparent change in UBE2D3 expression was observed in Eca-109-NC and Eca-109 cells. These results indicate that the stable transfection with pU6/GFP/Neo-shRNA-UBE2D3 effectively knocked down UBE2D3 expression in Eca-109-sh cells.
UBE2D3 downregulation confers radioresistance
To investigate the effect of UBE2D downregulation on the cell response to radiation, Eca-109-NC and Eca-109-sh cells were exposed to different doses of radiation and subjected to a clonogenic assay. Cell clones were counted and radiobiological parameters were described by survival curves for each cell type. Compared with the negative control group, the survival fractions of Eca-109-sh cells were much higher at each dose ( Figure 2 ). The calculated radiobiological parameters are shown in Table 1 . D0, Dq and SF2 values in the Eca-109-sh group were significantly lower than those of the Eca-109-NC groups (P < 0.05). Negative control and blank control groups showed no significant change. The SER value was 0.605±0.102. These results suggest that UBE2D3 downregulation enhances the radioresistance of Eca-109 cells. 
UBE2D3 downregulation enhances telomeric stability
Telomeric stability is closely associated with radioresistance. Telomere maintenance is defined by telomere length and telomerase activity. Thus, to investigate the relationship between UBE2D3 and telomere stability, real-time PCR and TeloTAGGG Telomerase PCR ELISA were used to measure telomere length and telomerase activity, respectively, in Eca-109-NC and Eca-109-sh cell lines. UBE2D3 downregulation significantly enhanced telomere length and telomerase activity (Figure 3 
, respectively. The Eca-109 and Eca-109-NC groups showed no significant change. However, telomerase activity in the Eca-109-sh group was significantly higher than that in the Eca-109-NC group ( Figure 3A , P < 0.5). Telomerase activity of the negative control was not more than 0.25 and that of the positive control was not less than 1.5 ( Figure 3A) , showing that telomerase activity could be successfully detected. The average telomere length in Eca-109-sh cells was 2.86 ± 0.10 fold higher than that in Eca-109-NC cells ( Figure 3B ). These results indicate that UBE2D3 expression decreases telomeric stability.
UBE2D3 downregulation decreases the proportion of cells in the G2/M phase, but increases the proportion of cells in the S phase and radiation-induced G2/M phase arrest in Eca-109 cells
Cell cycle is one of the key factors affecting radioresistance. To investigate the UBE2D3-mediated effect on the cell cycle, flow cytometry was performed to analyze the effect of UBE2D3 knockdown on the cell cycle. As shown in Figure 4A and 4B, compared to negative control cells, UBE2D3 depletion had no significant effect on the proportion of cells in the G1 phase, but it significantly affected the number of cells in the G2/M phase and S phase.
Eighteen hours after exposure to 6 Gy IR, the G2/M arrest reached a peak in both Eca-109-NC and Eca-109-sh cells, but the number of Eca-109-sh cells arrested in the G2/M phase was higher. More importantly, the response kinetic was different between these two cell types. In Eca-109-NC cells, the G2/M peak gradually decreased from 18 h after IR and returned to basal levels at approximately 30 h. However, the G2/M peak in Eca-109-sh cells did not decrease and was maintained at a high level until 42 h after IR. These results suggest that UBE2D3 downregulation in Eca-109 cells prolonged G2/M arrest after IR exposure ( Figure 4A and 4C) . 
UBE2D3 is involved in controlling Eca-109 cell proliferation
UBE2D3
downregulation promoted the proliferation of Eca-109 cells ( Figure 5A ). Additionally, after exposure to 2 Gy IR, the proliferation of Eca-109-sh cells was significantly higher than that of Eca-109-NC cells ( Figure 5B) (P < 0.05).
UBE2D3 downregulation decreases spontaneous and ionizing radiation-induced apoptosis
Irradiation is known to cause DNA damage. If DNA damage repair is insufficient after irradiation, cells may undergo apoptosis and/or necrosis. Since UBE2D3 downregulation desensitized Eca-109 cells to irradiation, we further investigated the effects of UBE2D3 knockdown on cell apoptosis. The percentage of apoptotic cells was assessed using Annexin V-FITC staining, followed by flow cytometry. The percentage of apoptotic cells for each group was as follows: Eca-109-NC: 6.08 ± 1.15%, Eca-109-sh: 2.00 ± 0.72%, Eca-109-NC + IR: 14.3 ± 0.95%, and Eca-109-sh + IR: 3.77 ± 1.56%. The percentage of cells undergoing spontaneous or ionizing radiation-induced apoptosis was significantly decreased in Eca-109-sh cells compared to that in Eca-109-NC cells (Figure 6 , P < 0.05). These results suggest that UBE2D3 knockdown reduces spontaneous and ionizing radiation-induced apoptosis in Eca-109 cells. 
UBE2D3 downregulation reduces spontaneous DSB and accelerates the repair of DNA damage induced by IR
To investigate the effect of UBE2D3 on DNA damage repair, immunofluorescence was used to assess the changes in phospho-γH2AX after UBE2D3 knockdown. As shown in Figure 7 , γH2AX foci significantly decreased in Eca-109-sh cells when compared with those in Eca-109-NC cells (P < 0.05). One hour after 4 Gy irradiation, the number of γH2AX foci also significantly decreased in Eca-109-sh cells compared with that in Eca-109-NC cells (P < 0.05).
Mechanisms involved in UBE2D3 downregulation-mediated changes in telomere homeostasis, cell cycle, cell apoptosis, and DNA damage repair
To better understand UBE2D3-mediated effects on telomeres and telomerase, we determined the effect of UBE2D3 knockdown on the hTERT and shelterin protein complex. UBE2D3 knockdown significantly increased protein levels of hTERT, TRF1, TRF2, POT1, and RAP1, but had no effect on TPP1 and TIN2 protein levels ( Figure 8A ). Twelve hours after irradiation with 2 Gy and 4 Gy, respectively, TRF2 protein levels decreased in Eca-109-NC cells, but increased in Eca-109-sh cells. Moreover, these opposite effects on Eca-109-NC and Eca-109-sh cells were dose-dependent ( Figure 8C ). These results indicate that UBE2D3 knockdown has protective effects against irradiation on telomeres.
To investigate the mechanisms involved in the changes mediated by UBE2D3 downregulation, the expressions of Bax and Bcl-2 proteins were assessed by western blot. The proportion of Bax/Bcl-2 was reduced in the absence of UBE2D3 ( Figure 8B) .
To determine the mechanisms involved in the DNA damage repair and cell cycle changes induced by UBE2D3 knockdown, the expression of DNA damage repair proteins (ataxia telangiectasia mutated, ATM; ataxia telangiectasia rad3-related, ATR; p-ATM; p-ATR; and γH2AX) and cell cycle check point proteins (cyclin D1, CDC25A, CDC25C, and Chk1) were assessed by western blot. UBE2D3 knockdown induced a significant increase in ATM, ATR, p-ATM, cyclin D1, and Chk1 expression, while it significantly reduced γH2AX, CDC25A, and CDC25C protein expression ( Figure 8B ). However, no effect was observed on p-ATR protein levels ( Figure 8B ). When exposed to radiation, the protein levels of ATM and ATR were further increased when UBE2D3 was downregulated. The increases in ATM and ATR protein levels were greater after 4 Gy irradiation than after 2 Gy exposure. However, CDC25C, and γH2AX protein levels, decreased when UBE2D3 was downregulated after irradiation ( Figure 8C) .
Discussion
In the current study, we demonstrated for the first time that the ubiquitin-conjugating enzyme UBE2D3 is involved in the regulation of radioresistance and telomere maintenance in Eca-109 cells. Ubiquitylation modification, which is mediated by the ubiquitin/proteasome system (UPS), plays an important role in DNA damage response activated by DNA DSBs as well as some other posttranslational protein modifications such as phosphorylation, acetylation and methylation [19] . Moreover, recent studies have shown that E2 enzyme family members participate in DNA damage repair and affect radioresistance [8, 20] [21]. Our previous study indicated that UBE2D3, an ubiquitin conjugating enzyme, plays a role in radioresistance in human breast cancer [8] ; however, until now, it has been unknown whether this role of UBE2D3 in radioresistance is limited to breast cancer. In this study, we used the clonogenic assay to assess the radioresistance in an esophageal cancer cell line, Eca-109, after UBE2D3 knockdown, and demonstrated that UBE2D3 knockdown induced radioresistance.
Our previous study demonstrated that the expression of UBE2D3 was negatively related to human telomerase reverse transcriptase (hTERT) [8] . hTERT is the most important factor to increasetelomerase activity, which in turn is a key regulator of radioresistance [22] . Thus, to determine the mechanisms by which UBE2D3 regulates radioresistance in Eca-109 cells, we first determined hTERT expression, telomerase activity and telomere length. The results showed that UBE2D3 knockdown raised hTERT protein expression, enhanced telomerase activity, and increased telomere length. In vitro studies previously showed that the inhibition of telomerase activity decreased DNA damage repair, shortened telomeres, and decreased radioresistance [23] [22] . Telomere length is positively related to radioresistance [24] . In addition, telomerase activity and telomere length are positively related to telomere homeostasis, leading to a state in which the structural integrity and function of the telomere are maintained [22, 24] . Moreover, telomere homeostasis is positively related to radioresistance [3] . Thus, our study suggests that radioresistance induced by UBE2D3 knockdown is related to the enhancement of telomere homeostasis resulting from increases in telomerase activity and telomere length.
To verify this hypothesis, we assessed the expression of telomere shelterin proteins which play a protective role and are positively associated with the state of telomere homeostasis [25, 26] , and found that UBE2D3 knockdown increased the expressions of TRF1, TRF2, POT1 and RAP1, but did not affect the expressions of TPP1 and TIN2. These results suggest that downregulation of UBE2D3 promotes the maintenance of telomere homeostasis. As TRF2 is a key protein that binds to the double strand of the telomere [27] , we chose it for further study of telomere homeostasis after 2 Gy or 4 Gy irradiation and determined that UBE2D3 knockdown increased TRF2 expression in a dose dependent manner. These results suggest that UBE2D3 knockdown regulates radioresistance, probably via enhancing telomere protection.
Classical radiation biology suggests that the changes in the cell cycle distribution are one of the key factors regulating radioresistance. The G1 phase and early S phase are the most radioresistant phases of the cell cycle, while the G2/M phase is the most radiosensitive phase [4] . Changes in the expression of cell cycle checkpoint proteins result in changes in the cell cycle distribution. Previous studies indicated that cyclin D1 promotes a shift from the G1 to S phase, and CDC25A accelerates the S to G2 phase transition [28] . Recently, some studies revealed that ubiquitylation plays an important role in the regulation of cell cycle distribution [29] [30] . Cyclin D1 is a downstream target of UBE2D3 [31] . Thus, the change in the cell cycle distribution after UBE2D3 knockdown might be another mechanism underlying the induction of radioresistance. In the present study, UBE2D3 knockdown had no significant effect on the proportion of cells in the G1 phase, but significantly increased the number of cells in the S phase, whereas it reduced the number of cells in G2/M phase arrest. To study the mechanisms involved in the changes observed in cell cycle distribution, changes in the levels of cell cycle check point proteins after UBE2D3 knockdown were determined. Cyclin D1 was overexpressed, and CDC25A expression was reduced after UBE2D3 knockdown. Therefore, this study indicates that UBE2D3 depletion leads to an increase in the S phase, but a decrease in the G2/M phase. Our study thus indicates that changes in cell cycle distribution might be a factor underlying radioresistance after UBE2D3 knockdown.
When radiation-induced DNA damage occurs, ATM and ATR protein kinases are activated to induce cell cycle arrest [32] . Phosphorylation of ATM can activate Chk1 by phosphorylation on S345 [33] . CDC25C plays a role in the G2 to M phase transition [28] . Chk1 phosphorylation inhibits CDC25C activity and leads to G2/M arrest [34] . To confirm that UBE2D3 knockdown-induced cell cycle changes are involved in radioresistance, the cell cycle distribution was assessed at different time points after 6Gy irradiation. UBE2D3 knockdown combined with 6Gy irradiation led to prolonged G2/M arrest. In addition, UBE2D3 knockdown increased the expressions of shelterins, ATM and ATR, but reduced the expressions of Chk1 and CDC25C in cells treated with or without radiation exposure. Therefore, this study indicates that UBE2D3 knockdown combined with radiation could promote the transformation of Chk1 into phosphorylation of Chk1 via increasing the activation of ATM and ATR. These processes lead to decreased chk1 levels, thereby increasing the inhibition of CDC25C, which leads to prolonged G2/M arrest. Thus, prolonged G2/M arrest induced by knockdown of UBE2D3 may be mediated via the ATM/ATR-Chk1-CDC25C signaling pathway.
The proportion of proliferating cells that are sensitive to radiation is negatively related to radioresistance [6] . As the radiation induced cell apoptosis results from inadequate DNA damage repair after irradiation, the disabling of cell apoptosis may result in radioresistance [5] . Furthermore, previous studies have shown that the expressions of TRF1 and TRF2 were negatively related to apoptosis [35] , while cyclin D1 and hTERT were positively associated with proliferation [36] . Thus, UBE2D3 knockdown might regulate cell proliferation and cell apoptosis. Our study showed that UBE2D3 knockdown accelerated the cell proliferation, while reduced the proportion of radiosensitive proliferating cells and the proportion of cells undergoing spontaneous and radiation-induced apoptosis. Bax functions as a pro-apoptotic protein, whereas Bcl-2 functions as an anti-apoptotic protein. The Bax/Bcl-2 ratio is an indicator of cell apoptosis. A recent report indicated that the reduction of telomerase activity is related to an increase in the Bax/Bcl-2 ratio [37] . Hence, the increased proliferation induced by UBE2D3 depletion might be mediated by increasing hTERT and cyclin D1 protein levels, whereas the reduced spontaneous and radiation-induced apoptosis might result from the decrease in Bax/Bcl-2 ratio and the increases in the telomerase activity and the protein levels of TRF1 and TRF2. However, the exact mechanisms that underlie these phenomena require further study.
As a histone H2A variant, H2AX plays an essential role in the cellular response to DNA DSBs. H2AX senses DSBs through rapid serine 139 phosphorylation and forms phospho-γH2AX foci with various proteins [38] . In cells with different sensitivities to IR-induced DSBs, γH2AX selectively recruits specific proteins to determine cell fate [39] . Thus, the number of γH2AX foci is a representation of DNA damage and the cell's capacity for DNA damage repair. In this study, the number of DNA damage foci decreased and the repair kinetics of total DSB increased after UBE2D3 knockdown, indicating that UBE2D3 knockdown enhanced DNA damage repair ability in esophageal cancer cells.
In conclusion, our results demonstrate that UBE2D3 downregulation promotes telomere maintenance and enhances radioresistance in esophageal cancer cells. Therefore, our study indicates for the first time that UBE2D3 may be a promising target to enhance the effects of radiotherapy and maintain telomere structural integrity and functional stability in esophageal cancer cells. Moreover, UBE2D3 overexpression might be useful to improve the success of radiation therapy, a hypothesis currently under investigation in our laboratory.
